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i Pulaa actio apparatua and methods are dadoaad for measuring thai actorisUcs of a borehole whio ft 
■ potng oneea. a component or a Dcnomnoto eesemoiy, praroraoty a anung ccaar , ib pruvioeo wan 
one or more ultra eonic transceivers. A pulaa actio aansor of the transceiver ia preferably placed in a 
stabitzar fin of the oofiar, but may atao be p la ce d In the wafl of the cottar, preferably doee to a stabflMng 
til bjetuurac prooessng ana convex cvcuiijy tor me puns ecno senacr ta praviaea si an erecuonic 
module p l a c ed wihin such coflar. Such pulse echo apparatus* which preferably includes two 
dnmstncafly oppoood transceivers, generates signals from which standoff from a borehole wat may be 
oeaxnwiea. a memoo ana apparatus are pruvKjoa tot m easu r ing scanaon ana Dorencte aumecer hi tno 

■ » |i mt n i - «■« ' ■ * ■ i_ -* * »t ! a, jj « _ *■ -« » »» - _ »- -i «— - - - 

p resen ce or anting cuxnngs enranea si me anting ntwa. m a prererraa ernDoavnerK, sucn sgnan are 
asaeaaed by the electronic processing and control circuitjy to determine W gaa has entered borehole. 
Three methods and apparatua are provided for such gaa entry determination* The first raliaa on 
meaauremem or aomc in p o oanco or ina ore rig nun oy aaeess sig me ampiiuoe or an ecno irom an 
interlace between the driUng fluid and a deJay-tine placed outwardly of a ceramic sensor. The second 
relies on measurement of driffing fluid attenuation of a borehole watt echo. The third relies on 
meaauramant of the phase of os c n a t i o ns of e choes to identify large gas bubble entries. The pulse echo 
sensor includes a senacr stack including a backing element 8 piezoelectric ceramic disk, and a 
oeiiy inau 



CL 
UJ 



Jouve. 18, rue Samt-Oeris. 75001 PARIS 



1 



EP0 457 650 A2 



2 



TECHNICAL FIELD 

This invention relates generally to the litra-sontc 
measurement of borehole characteristics. More par- 
ticularly this invention relates to apparatus and 5 
methods of ultra-son Jc measuring of borehole charac- 
teristics wMe a waft is being drifted. Stfl more particu- 
larfy the invention relate to measurement of borehole 
diameter and gas influx of a borehole whle it is being 
drilled. The Invention relates also to a portiaJar ultra- 10 
sonic sensor inc orpor ate d in the apparatus for 
mMtijrina such cha t a riMri i tk i 

BACKGROUND OF THE INVENTION 

18 

The apparatus and methods of this invention pro- 
vide for the measurement of borehole diameter and 
for the detection of gas influx whle a wefl is being cal- 
led. 

20 

Borehole caliper measurement 



Knowledge of a borehole's diameter whfls It is 
being driled is Important to the drifter because romo- 
dial action may be taken by the <Her In real time, pre- 29 
venting the delay inherent in tripping the drift sting 
and conducting open-hole logging activities. If the 
diameter of the borehole is over-gauge, such fact may 
indicate that there is inappropriate mud flow, or an * 
improper mud chemical ch a ract e ri stic or that the weO jo 
hydrostatic pressure is too low, or that there is some 
other source of well-bore instability. If the diameter of 
the borehole is below gauge or nominal size, such fact 
may indicate that the bit is worn and should be rep- 
laced so as to obviate the need for later wefl reaming is 
actMtiea. 

Weil bore diameter instabiity increases the risk 
that the drffing string may become stuck downhote. 
Stuck pipe implies an expensive and time c o n suming 
fishing Job to recover the stringer deviation of the hole 40 
after the loss of the bottom of the dnffing string. Weft 
bore diameter variation information la Important to the 
driller in real time so that remedial action may be 
taken. 

Wefl bore diameter as a function of depthisaho 46 
Important information for a (Her where the borehole 
must be kept open for an extended po r tion of time* 
Monnonng or wee oore aumeur wnen me en sung 
mppea out or me oorenoie provnes vnonnaDon id 
the drifter regsrtfing proper drUng fluid characteristics so 
as they relate to formation properties* 

luiowieage or oorenoie ammeter awo ana me 
driRar when deviated holes are being driled Whena 
borehole is out of gauge* directional drilling Is difficult 
because the drill-string, bottom-hole ass embly, and 59 
collar stabflbais do not contact the borehol wails as 
predicted by the differ. Real time knowledge of 
borehole diameter provides information on which to 



base directional drilling decisions. Such decisions 
may elimriate the need for tripping the string so as to 
modfty the bottom-hole assembly to correct a hole 
arvature deviation problem. 

Real time knowledge of well bore diameter is 
important in logging whie driling (LWD) operations. 
Certain measurements, especially nuclear measure- 
ments of the formation, are sensitive to borehole 
diameter. Knowledge of the well bore diameter under 
certain circumstances can be critical far validating or 
correc ti ng such meas urem e nts . 

U.S. patent 4.685.511 describes a system for 
measuring the diameter of a wefl whie i is being dri- 
led. Such system provides ultra-sonic transducers on 
diametrically opposed sides of a dnUing sub. It reies 
on the reception of echoes of emitted pulses from the 
borehole wafts, but such reception is often confused 
by the presence of dnl cuttings In the driling fluid. 
Measurement of the diameter of a borehole using the 
apparatoaofthtopaaertmayato 
the sub is not centralized with the axis of the borehole. 
Such Inaccuracy may occur where the drifting sub fc 
adjacent the borehole waft and the dtemeter of the sub 
« smaller than the dimeter of the borehole. Under 
such conditions, the 'diameter* aensed by thedrifflnq 
sub is in reaffly a chord of the borehole which is smal- 
ler than the actual borehole diameter. 

Wentiftcation of objects of the invention wtth ree- 
pect to borehole caliper m easu rement aspects of the 
invention are described below after other aspects of 
the Invention are described. 

porenoie gas innux oerecooo 

Gas influx, or a TdckT into the borehole, is a sari- 
ous hazard hi the driling art since kicks, ft uncontrol- 
led, can cause wefl blowouts. Well blowouts may 
resUt in loss of lie, damage to expensive driling 
equipment, waste of natural resources, and damage 
to the environment. 

Prior art kick detection whie drifting has typfcafty 
involved observation of the mud flow rate and/or mud 
pit volume. Accord i ngly, almost every rig which uses 
drling fluid or mud to control the pressure in the 
borehole has some form of pit-level indicating device 
that indicates a gain or loss of mud. A mud pt-tevei 
indicating and recording device, such as a chart, Is 
usuafly located in a position so that the drifter can see 
the chart whie drilling is occurring. When a kfck 
occurs, the surface pressure required to contain ft 
largely depends upon dosing weH-head BOPs quickly 
and retaining as much mud as possible in the wefl. 

Flow meters showing relative changes in return 
mud flow have also been used as a kick warning 
device, because mud hold-up in solids control 
devices, deg ass et s, and mixing equipment affects 
average pit-level. Such fluctuations in pit-level due to 
such factors recur periodically during drifting and may 



3 



EP0457650A2 



4 



occur simultaneously with a kick. When such condi- 
tions are present, a return flow rate may be the first 
indication of a k?ck_ 

To determine locks as early as possible whle drik 
Rng, the drller typically uses instantaneous charts of 
average volume of the mud ptt mud gained or lost 
from the pit and return flow rate. Preferably, the pit 
volume and return flow rate is displayed (and possibly 
recorded by means of a graph) on the drflling floor so 
that trends can be observed. As soon as an unexpec- 
ted change in the trends occurs, a driler checks far a 
kick condition! 

Thee© prior art kick detection techniques for land 
drifting operations typically require ten to twenty 
minutes of delay from the time a gas influx occurs at 
the bottom of the wefl untl pit volume or return mud 
flow rate is sufficiently affected to be detected. For off- 
shore operations such delay may be twice that far 
land operations. 

Because a lock can lead to a blowout with poss- 
ible disastrous results, prior attempts have been 
made to obtain information as to gaa influx into the 
borehole before such Influx affects pit mud volume or 
return flow rata. US. patent 4,571,603 discloses 
apparatus for measuring c ha rac te ristics of driling 
mud wtth a probe adapted for inclusion in a drii string 
member. Such probe includes an ultra-sonic trans* 
d u ce r which serves to emit sonic pulses and receive 
echo signals. A gap in the path of the ultra-sonic 
pulses to provided so that drflfing fluid may enter the 
gap. Reflections from a near surface of the gap and 
from a far surface of the gap are analyzed. Such 
analysis 0 saxs to permit oerermmanon or ore speeo 
of sound of the driling flu id, sonic attenuation, the pro- 
duct of fluid densty and com p ress ibifty, viscosity etc. 

Such patent does not describe a practical system 
In a down-hole measuring whle driling environment, 
because the probe gap may quickly become caked or 
fitted with mud particulate. Such caking of the gap ren- 
ders the probe inoperable for determining character- 
Istlcs of downhoie driling fluid. The apparatus and 
method also ignores the preeence of cuttings in the 
drWng fluid which affect reflections received by an ul- 
t r a sonic transducer. 

Identification of objects of the invention with ree 

— — ,| *— m — ■ . _ . . -» - * - Ml* ii n i ■ ■■! ■ ill. - ■* 

pecz id see mnux or mui oexBcoon measmemeii«s or 

Hi i \n i mmm Urn n - il ■ ■ imHi ■ il h .Imn 

me HTverroon are oeecnoea dsiow. 

yjjragonic sensor far a management whle drflltng 
onvsuiinoui 



The dtflng environment in which an ultra-eonlc 
seneor must function, ff It Is to measure borehole and 
drffing fluid cha ra cteristic s whl driling, is truly 
daunting. Shocks and vibrations up to 650 GTsAmSec 
of the drffl string render prior art ultra eonks sensor 
aseemfalies useless. Measurement whle driling een- 
sors must survive for several days, unl ice wireline log- 



ging eensors, because driling continues for such time 
length. Noise created by high speed driling fluid 
through drflling tools and by tools impacting rock for- 
mations must be eliminated in signal processing. In 

a adoption, the sensors must be capable ofwithstandmg 
pressures up to 20,000 psl and t a mp er ato es up to 
15QIC as wel as mechanical abrasion and direct hits 
on the sensor face. 

Identification of objects of the invention with res- 

10 pact to the ultra-sonic sensor aspects of the invention 

IDBfnnCATION OF OBJECTS OF THE 
INVENTION 

15 

Borehole Caliper Measurement 



It is a primary object of the invention to measure* 
wMe-drflflng the borehole diameter and tool standoff 
20 by pul s e echo techniquee by recognizing and eHm!- 
nating reflections from cuttings in the drflfing fluid 
returning to the surface between the tool and the 
borehole watt. 

It Is another object of the Invention to measure* 
28 whle driling borehole diameter and tool standoff by 
ptiee ecno oscrmrojues ana xd sxansocaay process 
such measurements downhoie to significantly 
Improve the accuracy of such measurements. 
It is soil another object of the invention to mount 
so apdseechosenscronornearastabllzerdadriU^ 
tool to minimize inaccuracies caused by such tod not 
being centralized with the axis of the borehole. 

It is stn another object of the Invention to measure 
whle drffling borehole diameter and tod standoff by 
35 pulse echo techniques and to transmit a signal rep* 
resentative of same to the surface. 

Borehole gas influx detection 

40 Another primary object of the invention is to pn>- 
vide a practical and reliable method and apparatus for 
measuring gas influx into a well whle It is being driling 
ana msmeienng a signal represemauve or mac 
measurement to the surface. 

45 Another object of the invention to to 

method and apparatus for detecting gas influx Into a 

|. ri.^tnilM - - H, n i,k * I, Ml I, I, ■ ■ , ■ill. ■ f * 

Darenote even cnougn ana cuujngs are ernramea 
within the borehole fluid. 

Another object of the Invention is to provide a 
so method and tod for assessin g gaa influx into a 
borehole by pulse echo measurement of flowing drl- 
ting fluid aa t returns to the surface in the anrnJusbe- 

i II, m finrj an H til ■ IummImIa 

iween me cooj ana me Dorenoie. 

Another object of the Invention is to provide alter- 
as native techniques fur assessing gas influx into a 
borehole and using such techniques as redundant 
indicators of gas influx. 

Another object of the invention la to provide 



4 



EP0457S50A2 



Apparatus and method for measuring the sonic im- 
pedanoe of driling fluid in a borehole by assessing 
echoes from the interface between a delay line and 
such dnHinQ fluid. 

Another object of the invention is to provide 5 
apparatus and method for measuring sonic attenua- 
tion of driling fluid in the borehole by assessing 
echoes from the borehole wall. 

Another objec t of the invention is to provide 
apparatus and method for detection of large bubbles 10 
in the borehole driling fluid. 

Ultra-aortic sensor for a measurtng^hie-driling 
environment 



Another primary object of the invention is to pro- 
vide an ultra-sonic sensor and associated electronics 
and tool In which it is placed which can survive ext- 
remely harsh forces, temperatures* pressures and 
noise present in a borehole whle it is being drVed 20 

Another object of the invention is to provWeatool 
stoictore and utto-oonic sensor which are not subject 
to mud caking whle measuring characteristics of dri- 
ling fluid as it flows past the sensor. 

Arwtiwob^oftfwinvenbonistDprovk^asen- 25 
sor assembly which includes a delay line including a 
structore for focusing ult ra sonic pulses toward the 
borehole. 

Another object of the invention is to provide a sen- 
sor assembly which creates a smooth outside profle so 
with a downhole driling tool to prevent caking of dri- 
ling fluid particulate in the path of uttra-oonic pulses 
and echoes. 

Another object of the invention is to provide a 
mounting structure for a pulse echo sensor assembly ss 
in a downhole driBing tool to protect the assembly from 
extremely high shock forces. 

Another object of the invention is to provide a 
pulse echo sensor assembly to accommodate ther- 
mal expansion of components due to extremely high 40 
downhole temperatures. 

Another object of the Invention is to provide a 
pulse echo sensor assembly which pr e vents fluid 
invasion into sensor components even under ext- 
remely high pressures of a borehole envwonmont* 46 

Another o b ject of the invention is to provide 
mechanical noise rejection structures to reduce noise 
generated by high vdocty mud flow through the dri- 
ling tool, thereby slowing a targe range of signal 
d et ection after attenuation. so 

Stfl another object of the invention Is to provide 
electronic control and pro cessi ng circuits for emitting 
and receiving ultra-sonic pulses and echoes and for 
processing echo data to generate caliper and gas 
influx signals. ss 



SUMMARY OF THE INVENTION 

The bjects identified above, as well as other 
advantages and features of the invention, are prefer- 
ably incorp orate d in an ultra-sonic system deposed 
within a measurtng-whle-drlling (MWD) or togging- 
whie-drUing (LWD) apparatus to perform hole caliper 
monitoring and/or gas influx detection. 

The system includes an ultra-sonic transceiver 
instated in a drfll colar. Such dri coOar functions in 
the driling process to put weight on the bit, etc In 
other words, fc functions as an ordinary dri! collar 
independent of the MWD measuring apparatus des- 
cribed here. A second identical transceiver is prefer- 
ably totaled at the azimuths! opposed poefion of the 
first transceiver in the same colar, and at the same 
axial position. This second transceiver i m pr ov es the 
reliability of gas detection and the caliper accuracy. 

The transceiver is designed to generate an 
ultrasonic pulse in the mud in the dbection perpen- 
dicular to the race of the coOar. The wave pulse travels 
through the mud, reflects from the formation surface 
ana comes oacxio me same transceiver wracru star 
the ultra-sonic pulse has been emitted, acts ss a 
receiver. The travel time of the pulse in the mud is pro- 
portional to the standoff distance of the tool from the 
borehole wafl. 

The transceiver includes a solid 'delay-line- be- 
tween a ceramic sensor and the driling fluid. Such 
-delay-One* reflects a portion of the emitted sonic 
pulse back to the sensor from the In terrace of the 
delay line end the mud. The amplitude of such pulse 
is related to the sonic impedance of the mud. Such 
sonic impedance depends directly on the amount of 
gas In the mud, Le^ It depends on the density of the 
mud. Accordingly, the sonic impeda n ce of the mud is 
an bnportant p ar ame te r for down-hole gae influx 

Providing a delay-line in front of the sonic senso r 
advantag eous ly alows echo detec t i o n where the tool 
is dose to the borehole. Furthermore, such delay-line 
pr o vtds e f o cus i ng , prot e ction of the sensor, and other 

In tmmtritttmtmm iji it ■ i m m * Hi ■ L CH i I* ill, nntl »■ 

in aoonon id me nanecefver, me arm suing cottar 
includes electronic circuits, a micropr ocess o r , and 
memory circuits to control the sensor and to receive 
echo signals and pro cess them. Processed signals 
may be stored in dowrv^oole memory (caliper for 
example), or may be transmitted to the surface by a 
standard m eas ur in g wtra xtrWng mud pulse device 
and method. Both methods (storage and transmis- 
sion) can be used simultaneously. Alternatively, the 
caliper signals may be stored and the gas influx sig- 
nals transmitted to the surface in real time. 

Borehole Caliper Measurement 

The apparatus of the invention provides a tod 
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standoff measurement to determine the hole diameter 
when the tool is rotating (which is the normal esse dur- 
ing drfling), or when the tool is stationary. When the 
tool is rotating, the transceiver sends th sonic pulse 
through the mud gap distance between the tool and 
borehole wsiL Such gap varies with the tool rotation. 
The measured standoffs ate accumulated for statist!- 
cai processing, and the average hole diameter is cal- 
culated after several turns. Several standoff 
meas u reme nts ere preferably evaluated each seo- 
nd. Because the typical drl string rotation speed is 
between about 50 to 200 RPM, an average accumu- 
lation tkne from about 1 0 to about 60 seconds creates 
enough data for accurate averaging. 

Providing a second transceiver diametrically 
opposed from the first improves the diameter 
measurement when the tool axis moves from side to 
side In the wet b o re during drfling. One transceiver 
measures the standoff on its side. Then immediately 
thereafter the othsr transceiver meeaurea the standoff 
on the other side of the tool. An instantaneous firing 
of both transceivers is not required as long as tool 
movement n me nma oetweon me cwo Transceiver 
measurements is smell. 

The hole dtaroeter is determined by adding the 
tool diameter to the standoffs measured on suo ces - 
slve firings. A number of borehole diameter determi- 
nations are accumulated and averaged to produce a 
borehole measurement. Additional processing 
a cc o r din g to the invention relates to processing for 
rejection of false echoes. Such pro ces s i ng identifies 
formation ec h oes which occur after echoes from dtt- 
Icng cuttings in the drfling fluid. The processing also 
distinguishes formation echoes from its multiple anv 
vats* and from sensor noise. 

An important feature of a particularly preferred 
embodiment of the present invention is to mount the 
transceiver near a stabilizer or on the stablizer blades 
or mo cover, oucn placement or me transceiver 
Improves the accuracy of the caliper measurement 

ft m fc ■ I . I — M J ■ » It 

oorsnoie gae tnnux oetemun 

Oaa Mux or a Tdck* ia detected by two techno 
ouee which may be used IndMduaOy or together to 
orftm each other. The first technique is to measure 
the sonic Impedance of the mud in the borehole whle 
the borehole is being drflecL The other tochnk|ueisto 
meeaura the attenuation of the mud in the borehole 
whle & is being drUod. 

To moamrs mud impedance, the kansoslvar 
indudoe a de l a y l ine in front of the sensor* When a 
sonic pulse is emitted from the sensor. It reaches the 
front free of the delay-line. Part of the sound pulse is 
t ransmitt e d Into the driWng fluid. Tha other part is raf- 
lectad back toward the sensor. Because the reflection 
coefficient depends on the mud impedance, the am- 
p f tudo measurement of the reflected signs! is rep- 



resentative of mud impedance as a function of time. 
The occurrence of a gas influx can be determined by 
monitorin g variations In the measured mud im- 
pedance versus time, or alternatively by compering 
5 the measured mud Impedance to a reference 
measurement of the impedance of "dean" mud. 

Mud attenuation b defined as the signal ampli- 
tude reduction wfth an Increased standoff. Measure- 
ment of mud attenuation reouires several 
measurements of the amplitude of the eonic echo sig- 
nal altar ft has traveled different standoff distances in 
the mud. Such echo for this invention is the borehole 
echo which returns to the sensor a l ta r reflection from 
the borehole wall. It is important that the emitted purse 
amplitude and frequency be maintained aubstantiafly 
constan t for all the several measurements of the 
attenuation. For a predetermined measurement 
period, several standoff values are measured as the 
tool is moving in the well bore. For each standoff, the 
amplitude of the formation echo is measured. Then, 
the logarithm values of this ampMude venue the slan- 
doffo are stored in a table. The slope of a line fit to the 
logarithm ampHude values is determined. 

A major advantage of the m et h o d and apparatus 
of the invention over other methods to mon tor mud 
attenuation is the performance of the meas u rement 
through a mud sample which Is part of the (Ming fluid 
flow of the armuJua between borehole wan and the dr^ 
ling tod. Accor di ngly, there is no risk of plugging a 
-gap- measurement with cuttings, drfling debris, or 
sticky day, because the mud flow and me tool move- 
ment through the mud clean the sensor face. 

Uttra-eonic sensor for a measurement whiedrBBng 
environment 

The ultra-sonic sensor assembly of the bim 
tsadaptadforpiacememinmev^orstabiizerfinor 
a drling colar which is placed above the drfling bft 
of a down-hole drfling assembly. The uttra-eonic sen- 
sor assembly indudse a aensor stack having an inner 
sound absorbing backing element, a piezoelectric 
ceramic olsk stacked outwarcfy adjacent the backing 
element, and a delay-line. Such detay-ine la fabri- 
cated of rigid p l astic material and la disposed out- 
warcfy of the ceramic disk. Such deiay-Gne includes 
an outwarcfy facing depression for focusing an ultra- 
sonic pulse into the drfling mud toward the borehole 
wall. An elastomer or epoocy f3s the depression to pre- 
sent a smooth face to the flowing mud and the 
borehole watt. 

The aensor assembly includes e lectrod es 
attac he d to the outer and inner surfaces of the 
ceramic disk and connector pins for connecting the 
assembly to an e l ectronics module disposed within 
the driing collar. Such electronics module includes 
control and processing circuitry and stored logic for 
emitting uttra-eonic pulses via the ceramic disk aensor 
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and for generating echo signals representative of 
echoes of such pulses which return to the disk sensor. 
Such electronic module also preferably includes a 
source of electric* energy (such as a battery or 
sourceofdacun^rtfrornaMWDtooOand downhoie 5 
memory for storing signals as a function of time. It 
i n terface s with an MWD telemetry module for trans- 
mitting measurement Information to the surface wtile 
drlling In real time. 

The backing element of the ultra-sonic sensor 10 
assembly is characterized by a eofid portion (prefer* 
ably, but not necessarily cyflnoricai in shape) die- 
poeed krwenJy adjacent to the ceramic disk and a 
ftusto-conical portion disposed inwardy adjacent the 
solid cylindrical portion. 15 

The sensor stack includes a rubber jacket dis- 
posed around the becking material, the ceramic disk, 
and a matching layer disposed outwardly acgacentthe 
ceramic dtak. A tube of eftastomeric matarial is placed 
b et we e n the rubber Jacket and a metallic cup In which 20 
the sensor stack is placed. The delay-line is spring 
mounted in the cu p outwardly of the ni bber jacket and 
eiastomeric tube which surround the sensor stack. 

Two eources of noiee are present in the vicinity of 
the sensor stack of the tool. The first can be charao- 23 
terized as driNng noise which is of a lower frequency 
band than that of the acoustic pulse echo apparatus 
of the sensor. The second is pumping noise which is 
charact e riz ed by a frequency band which extends into 
the freq u ency range of the pulse-echo apparatus* 30 

Pumping noise is mechanicaly filtered not only by 
the rubber jacket surrounding the sensor stack, but 
also by a filter ring mounted red My outwardly of the 
ceramic disk about the rubber jacket The boddng ele- 
ment b shock protected by nibberpacldng between ft ss 
and the eiastomeric sleeve which envelope the stack. 

Drlling noise, which may be of extremely high 
amplitude, is partially mechanically fiteied by the rob- 
ber jacket arid fftsr ring deeml>ed above and partial 
electronically fitoered Bectronic fiHaring is achieved 40 
oy an electronic nign-pass tutor pta cod prior 10 signal 
amplification to avoid ampufoaatirattonwhk* could 
mask uttra-eonic signal detection during amplifier 
saturation and recovery time, 

46 

BRIEF DESCRIPTION OF THE DRAWINGS 

The objects, advantages and features of the 
invention wfl become more apparent by re fe r en ce to 
the drawings which are ap pende d hereto and wherein so 
like numerals indicate lice parts and wherein an lus- 
trativa embodiment of the invention is shown, of 
which: 

Figure 1 Mustrates an uttra-eonic measurement 
tod placed in a drffl string of a rotary driffing sys- m 
tern, where the tool measures borehole diameter 
and fluid influx whle the cH string Is turning or 
stationary; 



Figure 1A Itustrates an alternative placement of 
an ultra-sonic sensor assembly in the ws* of a 
dril collar, rather than in stabiizing fins of such 
drfll cottar; 

Figure 2A Bustrates in schematic form the ultra- 
sonic sensor assembly of the invention, and Fig- 
ure 28 ilustrates a preferred embodiment of the 
sensor assembly of the invention; 
Figure 3A ilustrates in block diagram form the cr- 
cufts. computer and stored program of a tool elec- 
tronics module which controls the firing of a 
source pulse transmitter and the echo sign* 
recaption of one or more sensors and which ^pro- 
cesses echo data to generate signals represent 
tatlve of borehole diameter, mud impedance wid 
mud attenuation, and Figure 3B lustrates a 
stored program implementation of a ftrteg- 
AhreshoW/counter apparatus and method to dfci- 
tiza fitered echo signals ; 
Figure 4 is a schematic cfiagram lustrating ultra- 
sonic pulse generation by the ceramic disk of the 
sensor stack and the ochoeefrom the Interface of 
the delay-line with the drling fluid and the echoes 
from the formation or borehole wall; 
Rgure 5 is a voltage versus time lustration of the 
ultra-sonic pulse emitted into the driDng fluid 
toward the borehole wal and various return echo 
pulses from the interface of the delay-line and the 
driving fluid and from the borehole wall; 
Figures 6Aand 6B Itostrate scnernaticaly and by 
a voltage versus time graph of the relative ampli- 
tude and time spacing of an emitted ultra-sonic 
pulse and Ha return echo* first from the interface 
between the delay-line of the sensor stack and 
drilling fluid of the borehole, and second from the 
borehole waH; 

Figures 7A and 7B llustrate schematically, and 
by a voltage versus time graph, the relative am- 
plitude and time spacing of an emitted uttra-eonic 
pUse and return echoes from the delay line-drl- 
Irng fluid interface, from the borehole wal, and 
from cuttings in the drflllng fluid; 
Figures 8A and 88 are lustrations sknlar to 
those of Figures 5A. 5B and 6A. 6B lustrating 
small gas concentration in the drifing fluid result- 
ing in a drling fluid sonic attenuation here see 
which reduces borehole echo amplitude; 
Figures 9A and 9B are lustrations skniar to 
thoee of Figures 7A and 7B but for the case of 
high concentration of smal gas bubbles in the 
drilling fluid, resulting in almost complete attenu- 
ation of the borehole echo, but also resulting in an 
increase in the amplitude of the dday-llne/driing 
fluid echo due to a change in the sonic im- 
pedance; 

Figures 9C and 90 are lustrations skniar to 
those of Figures 9A and 9B but for the case of 
Large gas bubbles fen the drling fluid, resulting in 
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a large amplitude echo which is sensed after the 

delay Hne/drffing fluid echo; . 

Figure 10 tartrates echoes which are sensed 

due to doling cuttings entrained in the driling 

fluid; 

Figure 1 1 Bustratos that echoes may be received 
which are multiple reflections from the borehole; 
Figure 12 ilustrates late arriving noise spikes 
which result from true formation echoes; 
Figure 13 is a flow diagram Dustratfve of logic 
steps performed by a computer in the electronics 
module of the tool to identify borehole echoes and 
dai sy One echoes under the conditions Uustrated 
to Figures OA. 6B to 12; 

Figure 14 Nustrates graphkafly the det e rmina ti on 
of mud attenuation by plotting the log amplitude 
of borehole echoes as a function of tool standoffs 
and 

Figure 15 Duetrates the variables of mud inv 
peoance ana mua axxsnuaoon in aoctoets proneo 
as a function of driling time, with e apedflc Uus- 
trationof the effect on such variables of gas influx 
Into the borehole at a particular time. 

DESCRIPTION OF THE INVENTION 

Introduction 

Figure 1 Bustratos a rotary driling rig system 5 
having apparatus for d etecti on, wtile driling, of 
borehole diameter and for gas influx into the borehole, 
DownhcJe measurements are conducted by instru- 
ments disposed in (Ml collar 20. Such measurements 
may be stored in memory apparatus of thedownhoie 
ir »ta ji)snt a ,ormayb*tBl ej neters^ 
conventional messuring-whle-dnling telemetering 
apparatus and techniques. For that purpose, an MWD 
tool sub, schernaticaly Uustrated as tod 29, receives 
signals from instruments of collar 20, and telemeters 
them via the mud path of difl string 6 and ultimately 
to suites hstrumentation 7 via a pressure sensor 14 
In stand pipe 1& 

□rifling rig 5 Mudes a motor 2 which turns skefy 
3 by means of s rotary table 4. Adrfl string 6 includes 
sections of dril pipe connected end-to-end to the katy 
and tuned thereby. A plurality of drll coflars such as 
coflars 26 snd 28 snd collar 20 of this Invention, as 
wefl as one or more MWD tools 29 are attached to the 
drifting string 6. Such collars and tool form a bottom 
hole oMIng assembly between the dril string 6 of drll 
pipe and the drflOng bft 30. 

As the driD string 6 and the bottom hole assembly 
fem, the dril bit 30 bores the borehole 0. An annulus 
10 is defined betwee n the outside of the drll strings 
and bottom hole assembly and the borehole 9 through 
earth formations 32. 

DrCtag fluid or ^nud* is forced by pump 11 from 
mud pt 13 via stand pipe 15 and revolving Injector 



head 17 through th hollow center of kefly 3 and dril 
string 6 to the bit 30. Such mud acts to lubricate dril 
bft30andtocarryborehoi cuttings or chips upwardly 
to the surface via anmius 10. The mud is returned to 
5 mud pit 13 where I b separated from borehole cut- 
tings snd the Ike, degassed, and returned for appli- 
cation sgain to the drll string. 

The tool 20 of the invention indudee at least one 
ultrasonic transceiver 45, but preferable also a sec* 
ond transceiver 46 placed diameticaiV opposed from 
the first, for measurtogcharactensticsofthebo 
whle lis being drffied. 

Such measuements are preferably conducted 
whle the borehole is being <Hed, but they may be 
made with the dri string and the bottom hole assem- 
bly in the borehde whle the bt, bottom bole assembly 
snd drl string are not toming. Such measurements 
may even be conducted whle the entire string, bottom 
hole assembly and bt are being tripped to and from 
the bottom of the borehole, but the primary use of the 
messuretnentte whle the borehole tebeir)g 
mentioned above, such characteristics of the 
borehole 9 may be telemetered to the sufece vie 
MWD telemetering tool 29 and the internal mud pas- 
sage of drfl string 6, or they may be recorded and 
stored down hole and reed out at the surface after the 
driP string has been removed from the borehole as wfl 
be explained below. 

The transceivers 45, 46 are preferably mounted 
on stabiizerfins 27 of coiar 20 or may be mounted in 
the cylindrical wal 23 of the collar 20* as llustratedsi 
Figure 1 A. Although ft is preferred that transceivers 
45,46 be mounted cnecoUarwhich isstabKzsd,such 
transceivers 45, 46 may of course be mounted on a 
cylindrical collar which does not nave stabtoing fins. 

Electronic cfcuts snd microproce ss ors, 
memorie s , etc. used to control transceivers 45, 46, 
receive data from them, and process and store such 
data are mounted on a sleeve 21 which is secured 
within collar 20 or 20*. Such sleeve has s path 40/ by 
which driling mud may pass through the interior of drS 
string 6 to the interior of bit 3a 

Thetc<)te(conars)20or20'indu^ 
45 and 46 and the electrical apparatus mounted on 
sleeve 21 are sspsdsOy adapted to measure 
borehole diameter and to measure characteristics of 
the mud which returns upwardy in annulus 10 after ft 
passes through bit 30. Such mud ususOy has 
entrained cuttings, rode chips and the dee and may 
have gaa bubbles 10 entering the snnukis mud from 
an earth fo r mati on. It is the fact of the occurrence of 
this gas influx or TdckT and the time that it ocaaass 
the borehole Is being drifted that Is Important to the 
driOer. As explained below, the apparatus and 
methods of this invention measure characteristics of 
the returning mud, such as sonic impedance and 
sonic attenuation, to determine H and when a gas 
influx has occurred. 
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Description of uttegonjc transceivers and 
placement on collar 

1) UHra^onlesanaofoonstrucbon in general 

5 

Figures 1 , 1 A and 2A Dustrate schematfcaly the 
ultrasonic transceivers 45, 46 of the invention. Such 
transceivers are secured in the collar 20 or 20* to face 
theannuhtt 10 of the borehole 9. Figure 2A shows 
that the transceiver is disposed in a steel cup 51 sec- 10 
unsd wtthin a cavity of the cylindrical wail 23 of coflar 
20T or stablizer fin 27 of collar 20. Alternatively, the 
transceiver could be installed directly into a cavity of 
the collar 20. 

The sensor of the transceiver 45 b a piezo-eleo- is 
trie disk 54 which is preferably a flat circular slice of 
cera mi c ma terial Disk 54 is mounted between one (or 
mora) Impedance matching layer 56 and a suitable 
absorbing or backing element 58. The matching layer 
56 sfabricatedofa low density material such as mag- 20 
nesium or hard plastic The backing element 58 
includes high impedance grains (typtcaly tungsten or 
lead bale) molded in low i mped an ce material (such as 
o poxy or rubber). 

These three elements, the ceramic disk 54, 25 
matching layer 56 and backing element 54 are 
hereinafter referred to as the sensor stack. They 
cooperate to generate or emit an ultra-sonic pulse out* 
wardry toward the waft of borehole 9 through drifting 
mud of annuius 10 and to reoeive-eonic echo pulses so 
which are reflected back to ceramic disk or aanaor 54. 

The sensor stack is encapsulated in a rubber 
jacket 60 which isolates the sensor stack from high 
pressure drifting fluid in annuius 10. Such fluid iso- 
lation avoids electrical shorbng and corrosion of the as 
sensor stock ewmeraa ana provides etecincai nsu- 
lation of electrodes, leads, and con^^ 
disk 54. 

The space 62 b et we en the Jacket 60, backing ma- 
terial 58, and cup 51 tsfiUedwfth a highly deformabie 40 
material such as rubber. Such rubber and the rubber 
jacket 60 cooperate to sunound the sensor stack wth 
rubber in order to dampen noise transmitted in the col- 
iar 20 from the drilling process, and partial ly to abeorb 
high shock forces on the sensor stack created during 45 
a typical downhote drling operation. The rubber in 
space 62 also functions to alow the sensor stack to - 
move or deform under pressure or due to thermal 

Quell i t ill leads 64 are connected bet ween outer so 
and inner surfaces of eenaor 54 and terminals 66 of 
tectonics module 22. Such leads 64 run through the 
rubber 62 and through the cup 51 aswllbe explained 
in greater dotal below. 

Additional noise ffltering is preferably provided by 58 
a ring 68 of low impedance material placed about the 
rubber jacket 60 in tongitucfinaJ alignment wfth sensor 
disk 54. Ring 68, which is mad of materials such as 



epoxy, rubber, plastic and the Ike, (or even grease or 
mud) reduces the level of high frequency noise trans- 
mitted through the steel collar 20 that reaches the disk 
54 . Ring 68 reflects noise transmitted through the drift 
string and coOar which could reach ceramic dbk 54. 
It acts as a mechanical high frequency noise i nsulator 
or titer so as to increase the signal to noise perform, 
ance of the transceiver 45. A high signal to noise ratio 
is important under driOing conditions where high 
speed mud flowing In path 40* of the colar 20 might 
generate noise in the frequency range of the trans- 
ceiver measurement. 

A delay-line 70 is placed outwardy of sensor disk 
54. Such deJay-line 70 provides mechanical proteo- 
tion to the sensor stack as wei as providing an Import- 
ant rote in the measurement of drtling fluid sonic 
impedance. Measurement of drftOng fluid sonic to* 
pedance provides one means far gas influx detection. 
The delay-line 70 ateofecfl Bates short stand off detec- 
tion of the borehole as explained below. 

The delay-line 70 is fabricated of tow sonic im- 
pedance materials such as plastic, epoxy or rubber. 
K distributee impact forces on its outer face over a 
relatively wide area inwardly toward the matching 
layer 56. The delay-One 70, rubber jacket 60 and 
matching layer 56 cooperate to broody tfstribute 
such impact forces to the ceramic disk 54, which is 
fabricated of an inherently brittle material. Further- 
more, delay line 70 is mounted with respect to cup 51 
so as to isolate the sensor stack from further torque 
caused by the outer face of the delay-line 70 and col- 
lar 20 rubbing against the borehole when the drfj 
string is turning in the borehole 9. The delay^neateo 
protects the rubber jacket 60 from damage due to 
banging and scraping of the tool 20 against the waJ 
or oorenoie y. 

The delay-line 70 is spring mounted wfthin cup 51 
by springs 72 which maintain contact between deiay- 
line 70 and rubber jacket 60 even r the eenaor stack 
moves outwardly or inwardry due to expansion or con- 
traction wth te m per atu re and pressure var ia tion s . 

In summary. Figure 2A Bustrates that the ceramic 
sensor 54 to protected both acoustically and skuctur- 
aly.Skuctural protection of sensor disk 54 Is provided 
by its shock mounting: tongitudinaly by the steel cup 
51 and the tjghtty fitting rubber jacket 60; inwarely by 
the soft rubber filling 62; and outwardly by the delay* 
line 70 and its spring 72 mounting wth respect to cup 
51. Such spring mounting allows expansion and com* 
pre b lion of the backing element 58 under pressure 
and temperature changes toward the , outward face of 
transceiver 45. Rubber sleeve 60 serves to isolate the 
sensor stack from pressurized fluid and to aJtow its 
outer face to move inwardly and outwardly, whie 
maintaining contact with deiay-Jine 70. 
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2) intra-aonic sensor piefeiied construction 

Figure 2B ikjstrates a preferred construction of 
the trroceiver sensor assembly 45 of the invention. 
The sensor stack oompnsing ceramic dfek 54, match- 
ing layer 56 and backing element 58 are mounted 
wtthin metallic cup 51. 

The ceramic disk 54 '» fabricated of material 
characterized by low sonic impedance and high inter- 
nal damping. Lead metamobate ceramic polarized 
over Kb entire surface is preferred. When an electrical 
voltage is appGed across fts outer and inner flat sur- 
faces, the thickness of the ceramic disk changes 
eighty. When the impressed voltage is removed, the 
ceramic disk returns to its original thickness. If the 
cervnJc disk has an osciteting voltage of a certain 
time length, here called a pulse, the ceramic disk 
oedBatoe. An acoustic pulse ts emitted from the disk 
because of the oadBattag thickness of the ceramic 
disk changes in response to the oscllating voltage. 

Wtth no voltage impr eas ed on the disk, ft serves 
as a receiver. When an acoustic wave or osdating 
pulse is applied to the face of the disk, an electrical 
oadBaJng signal between the two faces of the disk is 

In a pulse-echo sensor or transceiver. La., the 
ceramic dtok 54 of the transceiver 45 of this invention, 
the same ceramic disk is used to emit an acoustic 
pulse and receive an echo of the emitted pulse and 
produce an electrical signal in response thereto. 

The escalations of the ceramic disk 54 during the 
emitting phase are preferably damped before the dtak 
is used to receive a returning echo acoustic wave. 
Such damping must be effective because the return- 
ing echo pulses are retatrvery small in amplitude. In 
other words, sensor ringing noise after the emitting 
phase should be kept to a minimum. 

Decay control of the emitting osd^ 
ary function of backing element 58. It shouU be in con- 
tact wtth corarrsc disk 54 as shown in Figure 2B. 
Badung element 58 drains the acoustic energy out of 
the ceramic disk 54 after an emitting voltage pulse Is 
applied thereto. Backing element 58 abeorbaanddle- 
spates such energy so that ft wfi not bounce back- 
wards toward the ceramic disk 54 to generate a noise 
signal after the emitting phase is over. 

SpedficeJry, the backing element 58 preferably 
has a sonic Impedance, appnadmetery the same as 
the material of the ceramic (flak 54. Accordingly, litfie 
acoustic energy is reflected back toward the ceramic 
disk 54 sett meets the Interface between ceramic disk 
54 and backing element 58. On the other hand, the 
backing element 58 should have high aortic attenua- 
tion so that energy into the backing is quickly 
attenuated as it travels backward into the becking ele- 
' merit and bounces from to extremities. It is important 
that the backing element be fabricated of a material 
whk* maintains its properties of Wgh acoustic attenu- 



ation and ceramic matching impedance under condi- 
tions of high pressure and high te mp e r atu re. 

The preferred raw material for backing element 
58 includes unvuJcardzad rubber stock* rubber com* 
5 pounding chemicals and vulcanizing agents* and 
tungsten powder. A roi ml is used to mbc the com- 
pounding chemicals and vulcanizing agents into the 
rubber stock, and for the subsequent mixing of tung- 
sten powder into the compounded stock. Once the 
10 tungsten and rubber have been thoroughly blended, 
the resulting material is removed from the mil and 
compression molded in a heated platen press to form 
and vulcanize the finished cornposfis. 

The preferred rubber stocks are synthetic too- 
ts butytene tooprenu elastomers. The tungsten powder 
should be of smafl grain size* The compoundkig 
chemicals and vulcanizing agents include small 
amounts of ZhO powder. Stearic Acid and Resin SP. 
The elastomer, tungsten powder, compourxfing 
cnemtcajs ana vucarszing agerns may do aeteaBQ si 
proportion and grain size and mixed and processed 
acoordtog to wai known techniojuea of powder mota^ 
lurgy to torn a backing element with the properties 
(denoted above, 
29 TTie matching layer HtepjeJerabrytaMcatedof 
a thin layer of 30% carbon-f9ed PEEK. PEEK is a 
hard plastic having a chemical name poryouwother- 
ketone. The optimum impedance of matching layer 58 
is selected such that ft 8a substantially equal to the 
so square root of the impedance of the ceramic dtak 54 
multiplied by the impedance of rubber layer 6a 

Virgin PEEK hard plastic is preferred as the ma- 
terial for delay-line 70. Epoxy or phendic may be sub- 
stitute materials for delay-line 70. The sonic 
35 impedance of PEBC provides excellent sonic coupl- 
ing wthrieevydril irigrnud. to sonic at^^ 
and has good mechanical and chemical properties for 
down hole appHcabon. 

A concave outwordry facing depre ssi on 71 of the 
40 outer face of delay-fine 70 b preferably provided in 
transceiver 45. Such depression 71 provides a smeJ 
amount of focan/afioriofth^aoriiceiieiuyaniitteds^d 
received via the delay line 70. Such localization 
improves the reflection of borehole echoes where rug- 
45 oee wale are encountered. 

Such depression 71 also provides eeparation be- 
tween the outer taos of the traiweerver 45 ar^ 
borehole wall when the collor Mis not separated from 
the borehole weL Wlh such "zero stand-off" condl- 
50 tioaresjming echoes from the outorface of the delay 
One 70 may be separated from zero standoff fot- 
i nation (borehole wafl) echoes. 

The depth of the depression 71 tithe outer face 
of delay-line 70 Is preferably smal so as to avoid the 
55 possfelity that mud cake of drling cuttings, stk*ing 
shares, and mud partfculates do not aocumulato 
there. Excessive concen trati on of mud cake in the 
path of the sonic pulae excessively attenuates a 
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returning oorenoie ecno. 

An isolation jacket 59 isolates the sensor stack 
elements 58, 54 and 56 from water entry via the steel 
cup 51. The isolation jacket 59 includes a steel sleeve 
inner pert 61 and a rubber jacket outer part 80. The 
outer part 60, preferably of vfton type rubber, is mol- 
ded onto the steel sleeve 81. A groove 80 In the Inner 
steel sleeve 61 has an O-ring 81 placed In It which pro- 
vides borehole fluid bolafion viathecup51 to the sen- 
sor stack. 

Ruid isolation is also provided by means of the 
vtton jacket outer part 60, but drUng fluid pressure is 
applied about the jacket 60 which separates the sen- 
sor stack from the drUing mud Thus, although iso- 
lated from fluid, the sensor stack is under the same 
pressure aa the drifting mud. 

An electrical feed-through element 84 is provided 
In an inner hole 86 of the cup 51. A flange 88 of feed- 
through element 84 is d isp osed between shoulder 90 
of cup 51 and a bottom annular end 92 of steel sleeve 
inner part61 of the isolation jacket Groove 94 of feed- 
through element 84 has an Ortrtg 96 placed In It to 
provide back-up fluid Isolation of the electronic mod- 
ules 22 from inside the cup 51. Bectrical pins 64 run 
from an inner posSon of cup 51 through feed through 
64 and terminate at feet 96. 

A thm aluminum sheet 104 Is secured in contact 
with the outer fece of ceramic disk 54 by means of an 
epcocy glue. A strip of aluminum 106 extends from the 
sheet 1 04 inwartfy to a terminal point 108 Inwardyof 
the frusto-conical surface of the becking element 58. 
A conductive wire 1 12 to attached between one of the 
feet 98 of the electrical pins 64 and the terminal point 
10a A conductive wire 110 is secured between the 
other of the feet 98 of the electrical pins 64 and a sheet 
of brass 114 which covers almost the entire co n ical 
surface of backing element 58. 

The brass electrode 114 includes several folds 
and kinks (not Uustrated) to allow thermal expansion 
of the backing. It is secured to the backing element 58 
by means of an epoxy glue. Such glue is non-conduc- 
tive, but enough contact is provided such that elecoV 
cai contact la mads between the brass sheet and the 

| m. - » - - - * afc - ■ ■-» * ■* - * I n -«-■-•«-*- 

tungsten grains or tne oaoong maxenai id eeuonsn 
electrical conductivity between wire 110, brass sheet 
electrode 114, backing material 58, and the Inner face 
or ceramic ojsk o#. 

Connection to the backing element 58 by means 
of sheet electrode 114 Is advantageous because ft 
avoids providing a thin electrode between the inner 
face of the ceramic dtak 54 and backing element 58 
which could decrease the damping function of the 
backing. Also the wire 1 1 0 Is not subjected to extreme 
thermal expansion because ft Is connected near the 
Inner tip of the conical portion of backing element 58. 

The space between the Interior of isolation jacket 
59, backing element 58, and feed through element 84 
is filed outwanfy with RTV sficon rubber 100 and 



inwardly with epoxy 102. The R7V rubber 100 allows 
the wire 112, which runs from a foot 98 of pins 64 to 
terminal 108 of aluminum 106, to move outwardly or 
inwardly with movement of sensor stack 58, 54, 56. 
6 Wire 112 is looped wihsn rubber 100 allowing It to 
move racfiaOy wth radial movement of the sensor 
stack. In order to limit large thermal expansion how- 
ever, the volume of RTV rubber 100 flTOng Is tinted 
because of the large thermal expansion of RTV rub- 
ber at high tem per atu re. AccoroTncJy. the Inner space 
is fifed with epoxy 102. 

Filing such inner space 102 wth epoxy is advan- 
tageous because the thermal expansion of epoxy Is 
smaler than that of RTV rub bar. The epoxy 1 02 also 
serves to centralize and secure the bp of the conical 
section of backing element 58 and to prevent the 
ceramic disk 54 from being displaced inwardly in cup 
51 with multiple heat or pressure cycles. Such epoxy 
102 also serves to doee the Inner side of the sensor 
stack via spaces from inside the transceiver 45. 

A thin tobe116ofnitrlerubberbplacedaboutthe 
cylindrical sides of the rubber jacket outer part 60. 
Such tube provides a sliding surface of contact for 
rubber Jacket outer part 60 when audi rubber jacket 
moves outwanfy or inw ar dl y wth ch an ges of tem- 
perature. The tube 116 also limits inward displace- 
ment of deiay-Une 70 tfashockforce is applied to the 
outer face of delay-line 70. Accordingly, the tube 116 
provides Nmtod shock absorbing protection of 
ceramic disk 54 when the transceiver 45 is in service 
whie drif ing a borehole. 

A ring 118is placed about jacket 60 and tube 116 
In the vicinity of ceramic disk 54. It is constructed of 
low sonic impedance material in order to vnprove 
acoustic reflection and thus Isolation of the disk 54 
against drill ng and pumping or high speed fluid flow 
noise transmitted through steel drlling pipe 6, collar 
20 and bit 30. Holes 120 in fUer ring 118 provide a 
space to relieve pressure in the annuJus between tube 
118 and cup 51. 

Wave springs 72 act b et wee n flanges 122 of de- 
lay-One 70 and shoulder 123 of window nut 125 to 
force delay-fine 70 inwardly against the outer annular 
edge of tube 116 and the outer surface of jacket 62. 
Window nut 125 is secured within cup 51 by threads 
126. Thus, the springs 72 serve not only to farce win- 
dow 70 properly adjacent jacket 62, matching layer 56 
and ceramic disk 54, it also serves to protect ceramic 
disk 54 from shock Impacts against the outer face of 
delay-line 70. Such shock impacts are also partiafty 
absorbed by the tube 116. jacket 62, backing element 
58 and RTV rubber fiHer 100. 

Pins 124 placed in mating holes of cup 51 and de- 
lay-line 70 prevent rotation of dday-Jine 70 with ree- 
pect to the sensor stack. Accordingly, frtctlon forces 
on delay-line 70 from contact with borehole wall 9 dur- 
ing tool rotation are not transferred to the sensor 
stack. 
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The cup 51 includes two holes 128, 130 which are 
perpendicular to the axis of the sensor 45. When a pin 
is inserted in hole 128, for example, the window nut 
125 blocked in rotation. When a pinfe Inserted hhole 
130. cup 51 is looked In rotation, which alows window 
nut 125 to be removed when needed. O-ring grooves 
132. 134 in which O-ringe are placed when cup 51 is 
pieced in a cavty of collar 20 provides isolation of the 
interior of collar 20 from drfling fluid in the annul us 10. 

In order to improve the accuracy of the caliper or 
borehole diameter measurement, and to broaden the 
hole size range detectable wth the transceiver 45 of 
this invented the transceiver^ 
Is preferably mounted near or on the stabttzer blades 
27 of the collar 20 as llustreted in Figures 1 and 1A. 
The accuracy of the ultra-sonic measurement is enh- 
anced for several reasons. 

First, where the transceiver is mounted on a stabi- 
lizer fin, there Is lees mud through which an emitted 
pulse must travel from the sensor to the borehole wall 
and back. Second, there is ieaa eccentricity or canting 
of the tool 20 In the borehole 9 In the vicinity of the 
stebfcar blades* so that the s t an d o ff distance s 
measured by two diametrically opposed transceivers 
result In a better measure of a diameter of the 
borehole. kJeafty borehole diameter should be 
measured p er p o n diculerty to the borehooe walls. 

•TVU Mh a ■ it n mm m m ■** * - I 1 Hi ■ 

I niu, wnn a snonar onxanco oeiween mo sensor 
and borehole wall, thereto less spreading of the sonic 
beam resulting in greater signal reflection beck to the 
transceiver from the borehole wall. Fourth, with shor- 
ter standoff distances, especiafly where transceivers 
45. 46 are mounted on stabflizar blades, higher sonic 
frequencies may be used thereby improving the accu- 
racy of detection of the fir s t borehole echo. Finally, but 
importantly, the measurement of the diameter of the 
borehole should be accomplished with the tool cen- 
tered in the borehole so that the a ctual diameter of the 
borehole is measured rather than a chord of such 
borehole. Providing the transceiver on a stabilzar fin 
of a ooMar or on a collar having stabttzer fins centers 
the coiar in the borehole and as a result the standoff 

3) Becbonlc Module 

The e lectron ic module 22 of cottar 20 is Pustrated 
In Figure 3A. Such module is connected to t e rmi nals 
06 which are connected to sensors 45 and 48 mouiv 
ted on oollar 20 aa(fieaissedsbcve.Adownho»bat- 
tery 150 is preferably provided fen module 22 as a dx. 
power source. Other sources of electrical power are 
of course known in the art of downhole tool design. 
Mgh voltage supply 152 steps up the <La voltage to 
power pulsar 154 which generates a high frequency 
oedttation at a preferred frequency of about 670 KHz. 
Computer 160 and pulser 154 direct short burets of 



these hig h frequency voltage oscaiations first to leads 
156 for application to sensor 45, and after a receive 
tens for sensor 45 has passed, then to leads 158 for 
application to sensor 46. Of course, one sensor only 

5 may be used, or more than two t but two diametricaBy 
opposed sensors are preferred for the measurements 
described below. 

The received voltage pu lse s , or return echoes, 
are sensed on leads 64 of sensor 45 and 46 following 

10 each burst of sonic pulses. Such voltages are applied 
via lead pairs 162, 164 to multiplexer 16a Multiplexer 
166 In turn, under control from computer 160, passes 
the return echo voltages first to high pass titer 166 
where low frequences In the return voltage pulses are 

15 removed. 

A variable gain amplifier 170 amplfies the retom 
signal which la then fltered, rectified and low pass fil- 
tered by circuits 172, 174, and 176 respectively. The 
gain of amplifier 170 is increased when computer 160 

20 detects low amplitude return e ch oe s. The output of 
low-pass filter 176 is an envelope of high frequency 
voltage return echoes generated by sensors 45 and 
46 In sequence. In the preferred embodiment of the 
apparatus of this invention, digitization of envelope 

28 signals on lead 177 it accomplished by a signal pro- 
cessing and s e ns or firing protocol of computer 200. 
The envelope signd on lead 177 b digtoed in this 
manner, rather than with a conventional A/D con- 
verter circuit in order to conserve scarce electrical 

so pow«rfor a down hole measurement during long time 
periods of drifting. 

The digitizing software and firing pattern provides 
digitization of the envelope signal on lead 177 by firing 
a given sensor (that is, sensor 45 or 46) N times where 

ss N is preferably between 5 and 15. Each Iking is per- 
formed wih a smafler threshold (or higher gain). For 
each gain/threshold combination* a proper delay is 
set to avoid noise detection. 

Figure 3B Mustretes a firing/echo pattern which is 

40 repeated eight times. Eight counters are provided, 
each associated vrith one of the eight threshold levels. 
Each counter records the time of a crossing of 8a 

««- - Vt_rtMA Hfti.n m - - *■ lt.,1 ■ mm reerhirj t9t-uw mm wimle 

uvea noia. vvnen a sec una is reacnea iior example 
200 microseconds), the processor records the nunv 
45 ber of threshold crossings of the envelope signal on 
lead 1 77 associated wfth each counter. In Figure 3B, 
the dots on the signal envelope represent the poeftion 

» _ ■ ■ * - . - .it - - M ** m nil n — tStm - mi — nf 

or signal oerecoon. i ne rormaoon ecno ampnwae or 
crossing C13 is between threshold (1) and (2). Its 

so peak ampliude is at the time associated with crossing 
C13.lt can be eeen that the envelope signal on lead 
177 is digitized by the mu ltip l e firing-multiple 
threshold technique wfth multiple counter software 
procedure described above. 

as After digitization, such envelope signals of the 
echo signals are processed In computer 160 accord- 
ing to the meth ods discussed below. Signals rep* 
raaentative of the processing of the envelopes of the 
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returning signals are stored In modute memory 180 or 
are passed along to MWDtool 29 for transmission to 
the surface instrumentation 7 for further process i ng. 

Delay-line and borehole echo determination 

The measurement of standoff and borehole 
diameter b Dhistratod schernaticaiy in Figures 4 and 
5 where transceiver 45 includes backing element 58, 
ceramic disk 54, and delay-line 70. A voltage pulse V 
of high frequency oscfllation is impressed on ceramic 
disk 54 which responds by entitling high frequency 
acoustic pulses, depicted as arrow (1) into delay-line 
70. Return echoes are sensed by ceramic disk 54 and 
a vol lege representative thereof is impressed on 
leads 64. Only one timing cyds for a transceiver is 
oeunaeu in ins snjssaaon. 

When the sonic pulse (1) reaches the interface 
between the delay-line 70 and the drfling fluid in 
annulus 10, port of the sonic pulse is transmtfed 
through the interface and into the annulus as depicted 
by snow (5). Part of the sonic pulse Is reflected back 
toward the ceramic disk 54 as depicted by arrow (2). 
The amplitude of the reflected signal (2) depends on 

Hi . jIH^BaukA * « ||| . »— t— . m il mi it Hi ■ 

ins OfTsrence oocwesn me sonic ■npeoanoe or uie 
drftllngfkjkJ and the sonic knpedajx*^ the delay-line 

7a 

The reflected sonic pulse or •echo* (2) strikes the 
ceramic disk 54, and excxos iL Such mechanical exci- 
tation generates an electrical signal representative of 
the ampihide and time delay of the sonic echo. The 
signal is ampiVied by the electronic module 22 and 
applied to the down hole c omputer 160 as described 
above. A first delay-line echo is detected as the pulse 
(2) of Figure 5 occurring at time T1 after the emited 
sonic pulse depicted as pulse (1). 

Sound waves in delay fine 70 bounce back and 
forth between the ceramic olsk 54 and the drffing fluid 
of annulus 1a At each reflection, the amplitude of the 
sound wove pulse is reduced because part of the 
energy is transmuted through the interface and of 
course is lost as energy of a reflected pulse. Such 

t\ nh nmm h n ■ i ■ i In i h n rJr 1 f. _t|i - - - i!m«>Ii JtI 

ecnoes oounang dsck ana ronn are o ep rcgjo as 
waves (3) and (4) of Figure 4. Sonic pulse echo (4) is 
detected at the amplifier 170 and computer 180 at 
time2T1. 

ApoftkNiofpulse(1)lstrsjwnitM 
fluid of annulus 10 as depicted by arrow (5). Pulse (5) 
bounces or is reflected hum the formation 9 interface, 
and an acoustic pulse echo (6) travels towards the de- 
lay-line 70. Part of the energy of echo pulse (5) is 
transmitted into the formation. 

Echo pulse signal (6) reechee the delay-fine 70 
where part of is energy is transmitted into the delay- 
fine as pulse (7). This puJse travels through delay line 
70 and excxes ceramic disk 54. Such excitation is 
detected as the amplifier 170 or computer 160 output 
(7) at time T2 in Figure 5. 



Multipl echoes can be detected, especially in 
light drilling fluid where sonic attenuation is small. An 
example of a multiple echo is shown by the sonic 
pulses ss depicted by arrows (8) and (9). Figure 5 
5 llustrates multiple echo detection of delay-line 
echoes of pulses (2) and (4) and of borehole echoe s 
of puisea(7)and(9). 

As lustrated in Figure 1, gas influx bubbles 19 
may enter the drUing fluid in the annulus 10 from for- 
mation layers through which the bit Is drfOng. Such 
bubbles flow upwanfly by and pass in front of the tran- 
sceivers 45, 48. The sonic attenuation and im- 
pedance of the drilling fluid are changed by the gas. 
The signal processing of the electronic module 22 of 
Figure 3A detects such changes in the characteristics 
of the driCng fluid. 

Figures 6A. 6B to 9A. 9B Slustrate several 
categ o ri es of return echo patter i is which are the result 
of the measurement apparatus configuration, 
borehole geometry, cuttings, and gas bubbles in the 
driling fluid. Figures GA, 68, 7A and 78 Hustrate oon- 
dUons of dean mud, cuttings In mud, s smafl amount 
of gas ti the mud, and a great amount of gas m ths 
mud, respectively. The Figures 68, 78, 88, 9B lus- 
trate the kinds of echo signal returns which are to be 
expected from the conditions of Figure 6A,7A,8A,9A. 
The "8" d iag r a m s of ths Figures represent the 
envelope of the voltage output of the amplifier 170 
after rectification of the return pulse by rectifler 174 of 
Figure 3A. Such "B" cfiagrams are plots of voltage am- 
plitude versus time. The time reference is from the 
excitation putee (1) which is shown as saturation of 
the amplifier 170. Such excitation pulse (1) is masked 
in the digitization method as described above in con- 
nection with Figure 38. 

After firing of the excitation pulse rep resen ted as 
pulse (1), an echo from the front face interface be- 
tween delay-line 70 and drHBng fluid in annulus 10 Is 
returned to the ceramic olsk 54 as pulse (2). Ata later 
ome me Tormaoon ecno is returnee id ceramic gbxo# 
as in dicated by putee (3). The excitation voltage 
applied to ceramic disk 54 is maintained at a constant 
level. Accordingly, the echo ampitudes resuft from a 
constant amplitude emited p u lse . 

The amplitude of the delay-line echo (2) depends 
seoortdarty on the attenuation in the matching layers 
58 and rubber layer 60 (of Figures 2A, 2B, but notHus- 
trated in Figures 4, at seg.) and the delay-line 70 . 
Typicaiy, the attenuation of the matdiingteyer varies 
sOghty wfth temperature. But the amplitude of the de- 
lay-line echo (2) depends primarty on the coupling 
with the drSing fluid, because the reflection coefficient 
atthedelay^tie-drttingfhikJl 
sonic impedance of the fluid. In other words, 
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where Rol to the reflection coefficient, ZUjo to the 
sonic Impedance of the drUing fluid, and Zol * the 
sonic impedance of the delay-line. 

The borehole echo ampltude (that is, the echo 
from the formation wall of the borehole), depends on 
severa l p eram ete r a . One such parameter to the sonic 
attenuation of the ddling fluid. Sonic attenuation of 
the drffing fluid increases nearly linearly with mud 
density for a given frequency. Due to this effect, the 
formation echo putoe (3) of Figure 6B may vary by a 
factor of 100, with varying standoff distances and mud 

Another such perameter is the reflectivity Feoffor. 
metion wall Such wad reflectivity depends on the 
sonic impedance of the fixation Z, and the rugosity of 
the formation. Variation In borehole wafl reflecovtty 
cm affect the empliude of the borehole echo pulse by 
a factor of 1a 

Another parameter affecting the amplitude of the 
borehole echo pulse to the degree of peraMtom be- 
tween the aensorfaceand the borehole wall The anv 
pftude may vary by a factor of 10 due to such 
peratteiism factor. In other words, the strongest 
borehole signal, other factors being equal, results 
from the tran sc eiver being perpendicular to the 
Dorenote wau« 

Other factors affecting the amplitude of the 
borehole echo include the deiay-Jine sonic attenua- 
tion and the coupling between the drying fluid and the 
deiey-Jrte, Such coupling varies with the density of the 
drflfing fluid (typicaBy it improves with increaaing den- 
sty) because the mud sonic impedance depends on 
the mud densty. Each of the factors of delay-fine 
attenuation and mud delay-line coupling may affect 
the ampiftude of the borehole echo by a factor of two. 

Figure 7A depicts the atuatton and effects of drt- 
Itag cuttings being pr ese nt In the drl Dog fluid. Each 
cutting reflects part of the emitted sonic pulss back 
to w ard the ceramic cfiak 54, As a reeutt, each cutting 
generates asignal at the output of the ampOfler. Such 
cutting echoea are depictad as echoes (20), (22) in 
Rgure 7B. Their amplitude dependa primarly on the 
stse of the cutting and the sonic attenuation in the 
mud. Wlh low sonic attenuation mud, most cuttings 
typicafly have signals which are smalierorequaltDthe 
borehole pulse (3). WSh high sonic attenuation mud, 
the borehole echo (3) to attenuated by a larger ratio 
than the cutting echoes (20) , (22) because it to 
arways more distant from the disk 54. In such a case, 
the borehole echo (3) may become smaller than the 
cutting echoes, (20), (22). 

Figure 8A depicts the situation and effects of a 



small amount of gas In the mud, which typicafly is in 
the form ofsmafi gas bubbles 19. For such a condition 
the sonic attenuation of the mud increases. As a 
result the ampifajd of borehole echo (3) to reduced 

5 as Uustrated In Rgure 8B. The delay-line echo (2) 
varies slightly, because the mud impedance dec- 
reases sflghtly with a small increase in gas concen- 
tration. Because the delay-line impedance to normally 
higher than the mud impedance, the delay-fine echo 

10 (2) increases sigMywth a small increase in gascon- 
con (rated in the mud. 

Figure 9A depicts the case of a large gas concen- 
tration of email bubbles due to a gas influx into the dri- 
ling mud in annulue 10. Large gas concentrations 

15 typically are defined as gas fractions equal to or 
above 1% of the mud fraction. For such a gas concen- 
tration, sonic mud attenuation may reach 15 db/cm, 
so that the borehole echo signal (3) to greatly 
attenuated. Such small ampfltude of borehole echo 

20 (3) may make its detection dfflcutL The delay Ine 
echo pulse (2) amplitude incr eases up to 10%wfththe 
gas ooncoi rt ia lion in mud. 

Figures 9C and 9D are sMar to Figures 9A and 
gB, but represent the case of large gas bubbles in 

25 anmius 10 passing sensor 45 on their way to the 
upper surface of the borehole. Such targe bubbles 
may produce an echo as at (4) of Figure 9D which to 
of the same relative absolute ampiftude aa that of the 
delay-line echo (2). It has been found that the phase 

so of a large bubble echo (4) is reversed or 180* out of 
phase from the phase of other echoes. In other words 
the signal (4) of Figure 9D to a rectified envelope of a 
high frequency pulse which to 180* out of phase with 
other echo puteee. Phase detector 1 73 detects such 

35 phase shift of the escalation signal of the returning 
echoes and sends a signal to computer 160 when 
such a condition is sensed. 

The fact of the18fT phase shift of an echo putoe 
provides a means for Wertifyir>g targe gas bubble; that 

40 to, the phase of each echo to first determined. If such 
phass is 180* from that of the delay-line echo, such 
echo represents a large gaa bubble. For such a case, 
a signal to sent to the surface instrurr*nta*k>n under 
control of computer 160 vfaMWD sub 29 so that an 

45 alarm may be generated to alert the drier as to the 
fact of a large gas bubble migrating to the surface 
which has been detected near the bottom of the 

The stored program 200 of computer 160 has 
so stored therein echo determination logic for disting- 
uishing borehole echoes and delay-line echoes from 
cutting echoea and other spurious echo eignaJa. Such 
logic to in part based on the following corwderalions. 
The formation or borehole wafl to the most distant 
55 reflector. Cuttings are always closer to the ceramic 
disk 54 than to the borehole waH Disregarding the 
case of double echoes, the borehole echo should 
always be the last echo. 
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In most drffling cood toons cuttings wfll always be 
present in the path of the eonic beam. The larger the 
size of the cuttings, the fewer individual cuttings 
echoes wfl be present 

In adrffling fluid of low attenuation, moat cuttings 5 
produce an echo smaller than the formation. 

In a driing fluid of high attenuation. It is possible 
that the cutting echo signal may be larger than the for- 
mation echo signal if the difference in sonic path 
length is relatively gjeat to 

After the arrival of an echo at the sensor, the sen- 
sor noise Is increased by the noise of this echo. Such 
noise decays to the level of sensor noise. 

Smal cuttings (thoeecf less than 1 MM diameter) 
create an Increase of base line noise, but usuaBy can- is 
not be individually recognized. 

Figures 10, 11, and 12 frustrate various condi- 
tions that the processing logic of program 200 consid* 
ere. The logic flow path of Figure 13 outlines the logic 
steps of the stored program 200. 20 

Figure 10 Hustates the output of the rectifier 174 
(Figure 3) which corresponds to the esse when sev- 
ere! distinct echoes (24), (25), (26), (28) are detected 
before the borehole echo (3). The emitted pulse of 
ceramic disJc 54 is represented as amplifier saturation 25 
(1) vtfsch is electronically masked during digitization. 
The delay-line echo is the echo (2) 

The logic step 202 of Figure 13 identifies for- 
mation and cutting echoes oocuring attar delay-line 
echo (2). The delay-line echo (2) is the first echo, 90 
where the deiay-Jine 70 has but one interface win the 
drilling fluid. The stored program 200 stores the am- 
plitude snd arrival time of each of the echoes occur- 
ring after the delay-line echo* For example* for the 
echo patterns of Figure 10, echoes (24), (25), (26), 35 
(28) and (3) are stored. 

The logic box 204 of Figure 13 Hustates that 
noise echoes are rejected by requiring that each echo 
occuning at a certain time has to be above a minimum 
ignai level for that time. Such requirement kisures 40 
the separation of echoes inom ssnsor noise. The level 
of a cceptance decreases wth time after excitation, 
because the sensor noise quickly decays after the 
exctation. In other words, the ampfftud* of each echo 
is compared with a predetermined ftjnctfon On) 
where Tn Is the echo del a y time after the exctation 
pulse. The processing preferably recognizes a limited 
n umber of echoes (in the range of 2 to 1 2). The larger 
echoes are saved for further processing. Applying 
such logic to Figure 10, echoes (24), (25), (26), (28) so 
and (3) wl be accepted. 

The next logic step depicted as logic box 206 of 
Figure 13, Insures that each successive echo has a 
decreasing amplitude with time. In other wonts, the 
amplitude of each successive echo must be smaller ss 
than that of the previous echo. If not, the previous one 
is disca rded from the list of echoes. Such processing 
is based on the logic that if a large echo comes after 



a small one, the large echo corresponds to e larger 
reflector. Such larger reflector is-eiher a targe cutting 
or the borehole wal, but th amaler echo coming first 
cannot be from the borehole wall In Figure 10 the 
echo (24) wi be discarded based on the criteria of 
logic box 206 of Figure 13. 

Each echo must be separated in time from each 
other echo by a certain predetermined minimum time 
in ofdertoavoidmulb'pledetectkxisof the same echa 
in Figure 10, the echo (28) is rejected by this criteria 
as being a noise ertifact of echo (26). Logic box 206 
states the criteria. 

The delay-One and borehole echo logic of the 
Invention inWafly defines the echo (3)of the Hustreflon 
of Figure 1 0 to be the Tem p orar y formation echo". It 
is the last one detected. Before the find decision that 
such echo is indeed the borehole echo, two addftiond 
tests are made: first, the echo must not be a double 
echo of the echo (26); and second, the echo (3) must 
not be a noise echo generated by the echo (26). 

If one of these two tests is not passed by echo (3), 
then It is rejected and echo (26) (note that echo 28 
already has been rejected) is temporally defined aa 
the temporary formation echo". The same two 
accept an ce tests are again per fo rme d far this temper- 
ary for mat ion echo and the immediately preceding 
echo. If these teste are successful, the echo (26) is 
accepted. If not, the search continues. A final solution 
always exists, because aa above, the t e m p orary for- 
mation echo* cannot be compared to a previous echo 
if ft comes immediately after the delay-line echa 

The previous procedure may force a double for- 
mation echo to be accepted as the formation echo. To 
account for this possibiity a test is performed on two 
successive echoes. This double echo acceptance 
test of the Te mp orary formation echo* vermes that this 
echo delay time is not approximately two times the 
arrival time of the previous echo. As a ustrated in Fig- 
ure 11, the echo (30) to first accepted as "temporary 
formation echo'. But fts arrive! time is equal to about 
two times the arrival time of echo (3). Accordingly, 
echo (30) ts rejected, and echo (3) becomes the "tem- 
porary formation echo". Because there is no previous 
echo after the delay-line echo, echo (3) becomes the 
final solution as the borehole or formation echa Such 
logic is Ikistrated as logic boxes 21 0, 212 where the 
delay time of the temporary formation echo is com- 
pared with twice the delay tine of each preceding 
echo. 

The last test that a t emporary formation echo" 
has to pass successfully before final accept an ce to 
the test of additional noise due to a previous echa 
Each echo increases the noise in the sensor after fts 
arrival. This noise decays with tima This noise level 
can be above the minimum level for Its detection time. 
This minimum level is determined for a "quiet" sftua- 
ben. Accordingly, the formation echo has to be at least 
above this minimum level, depending on its delay time 
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forthe case of* "quiet eensor\ But in case of previous 
echo already detected it has to be above the noise 
g ene rate d by such echo. 

The most simple implementation ts to Insure the 
amplitude of the temporary formation echo" to above 
a certain ratio of the previous echo amplitude. An 
example is shown in Figure 12. The echo (32) repre- 
sents noise gen e ra ted by the echo (3). This test 
rejects the echo (32), and echo (3) is accepted as 
"temporary formation echo". This echo (3) may next 
be oom pwed to previously occurring echo if they are 
present to determine which echo is finally accepted 
as the borehole or formation echo. Logic step 214 of 
Rgtre 13 describes this test to determine if an echo 
ie the result of induced eeneor noise. 

The ampifajde of the finally accepted formation 
echo is stored along with its delay time from the emo- 
ted pulse end real time for the measurement Such 
step is Ihjatrated in logic box 216 of Figure 13. 

uetaumnaoon or sisnoorT ano porenoie ownoi 



TT>e borehole delay time T. stored in memory 180 
according to the process of Figure 13 provides the 
data necessary to oetermmo stanuurr. ocanoorr ts xne 
distance between the front face of delay-line 70 and 
the wad of borehole 9. A determination of standoff and 
the diameter of the borehole at the depth postion of 
the transceivers 45, 46 in the driiing string in the 
borehole provides valuable information to a (Mar. 
Such measurements may be stored downhote in 
memory 1 80 or passed to a MVVD tod 29 for transmis- 
sion to surface instrumentation 7 (Figure 1). Both 
methods (downhote storage and transmission to the 
surface whie drilng) may be performed simul- 
taneously . The tod 20 acta as a conventional drll c^ 
lar (In that ft adds weight on the (tiling bit) even whie 
simultaneously performing the measurements des- 
cribed above and below. 

The time delay of the borehde echo is inversely 
related to the standoff of the transceiver 45 or 46 from 
um oorenoie wan. in cnner wuus, 

Sfndoff«2V« 
T 

where V t *sonJc velocity and T is the mea lived time 
delay corrected for the time delay In the delay Hne* 

Obtaining a numerical vdue for sonic speed in the 
above formula for a determination of Standoff is pref- 
erably obtained from a table for the given pressure 
and te mperat u re. Sonic speed varies only a small 
amount wfth pressure end temperature in a downhde 
zone of interest 

The standoff measurement with one transceiver 
enabiee the statistic* evaluation of the hole diameter 
when the tod is rotating (which is the normal case dur- 



ing diiling). During the rotation, the transceiver 45 
sends the sonic pulse through the mud gap between 
the tod and the borehde wall which may vary as the 
tod rotates. The measured standoffs are cumulated 

5 for statistical pro cessi ng, so that the average hole 
diameter can be calculated after several turns. The 
best rate of measurement is reached when several 
standoffs can be evaluated per second. As the typical 
drii string rotation speed is between 50 to 200 RPM, 

10 an average accumulation time from 10 to 60 seconds 
collects enough data for accurate averaging. 

The average hole diameter based on only one 
transceiver is then calculated: 

Hde diameter « Tod Diameter ♦ 2 • average 

rs standoff. 

The addition of a second transceiver 46 dtamet- 
rically opposed to transceiver 45 Improvee the diame- 
ter measurement when the tod center is not coaxid 
with the well b ore during anting. Transceiver 45 is 

20 first used to measure the standoff on its aide. Then 
immediately thereafter the transceiver 46 is used to 
measure the standoff on the other aide of the tooL An 
instantaneous nrmg or doui transceivers ts nor 

* ■ it l nntl 11, . 4tljt| gm ■ ■■■ ■ In Hi ■ t* i ■ W— 

requveo, as long as me idoi movement mine une d»» 

25 tween the both measurements is smaft. 

With the typksd range of drftl string rotation 
speeds, and because the wave beam width covers 
several degrees of the well-bore circumference (due 
to the diameter of the transceiver and sonic diverg- 

90 once), the time between the standoff evaluations per- 
formed with both transceivers can be as small as 50 
mWseconds* The smeBer the time, the better the final 
diameter-evaluation. The advantage of norvsfcnul- 
taneous measurements Is the reduction of the size the 

35 electronics module 21 , because the same system can 
be multiplexed to control the different traneooivors. 
The physical size of the electronics is often a major 
limitation for MWD type devices. Furthermore, the 
multiplexing and the smaller stze of the electronics 

40 mo du le required for non-sknult an e ou s measu rement 
reducee the Instantaneous electrical power consump- 
tion, which can be critical when the tod is running 
from battery 150 of Figure 3. 

An apprtsomaoon or me neany s w^anaw ieoua 

Hde diameter- standoff 1 + stendofT 2 + tod 
diameter, 
WHi 

Standoff 1 = standoff measure d with trans* 
so cdver45 

Standoff 2 s standoff measured wfth bane 
ceiver46 

Tod diameter - distance from face to face of 
the transceivers 45, 46. 
55 This Instantaneous diameter is saved In a vector. 
After accumulation time (which typicaly can be in the 
range of 10to60 sec), the diameter data stored in that 
vector are st ati stically p ro c es sed to determine statis- 
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tied parameters such as the average diameter, the 
most probable and/or an approximatton o# the largest 
diameter, or various percentiles of a Histogram. Such 
parameters are transmitted to the surface (or, alterna- 
tively, stored in the dcwm4»lerr«TKiryforalateriJse). 
With the statistical processing, the hole geometry 
deJerrninatfon is less sensMve to false measurements 
which can occur during drilling. As explained above, 
tfiese false measurements, caused by cutting echoes 
detection instead of formation ecrioes detection, poor 
formation echo shape due to the rugosity of the for- 
mation, the misalignment of the sensor wfth the wal f 
orbyaspfceofnoisedustothedi«lr* 
eliminated for the most part by the processing steps 
of Figure 13. but heritably, a fewfelse measurements 
may pass such logic processing. 

Detection of gas influx into the borehole whtie 
drilling 

(1) Assssatog the amplitude of delay-tine echoes: 
sonic impedance of drilling fluid 

As frustrated In Figures 6 to 12, the delay-line 
echo (2) is readiy identified due to its occurrence 
shorty after the termination of the errUtted sonic pulse 
(1). The amplitude of such delay-line echoes are 
stored as a function of time, in a manner sMartothe 
storage of the borehole echo p a r a meter s of logic box 
216 of Figure 13. The amplitude of such delay-line 
echoes is characteristic of the reflectkw coefficient of 
the delay-line 70 and the drlling fluid In aimuJus 10. 
As explained above, the reflection coefficient 
depends on the sonic impedance of the drilling fluid 
which can be affected to a large degree by the amount 
of gas In the drilling fluid. 

When gas enters the drfling fluid, the sonic im- 
pedance of drlling fluid decreases since gas entry 
reduces the driSng fluid sortie speed and densiy. As 
a result, the sonic coupling between the sensor delay- 
line 70 and the drlling fluid In anmJus 10 varies wth 
the reflection coefficient In moot cases, the sonic im- 
pedance of the delay-line 70 is between 2 and 33 
Mrayts depending on Its material and its operating 
temperature. It Is typically higher than the sonic im- 
pedance of the drlling fluid which is typicaly between 
1.5 to 33 Mrayts. Accordingly, m the usual case were 
the detay-l ine sonic impeda n ce is about 3 Mrayts, the 
echo of trie fnxx face of trie detay-i^ 
amplitude with an increase of gas concentration, 
because the difference In sonic impedance of the fluid 
and that of the delay-line increases* 

The broadest concept of the Invention b to meas- 
ure and monitor the detay^ne echo amplitude as a 
function of time during drilling. In normal (Wing oper- 
ations, the delay-line echo amplitude drifts slowly wfth 
time due to pressure and temperature changes down- 
hole. The sensor per f or man ce and the acoustic 



properties of the drilling fluid depend on these down- 
hole conditions. Such drift is smafl because down- 
hole pressure and temperature change slowly while 
drifting. 

5 But gas influx occurs relatively suddenly resulting 

in a sudden drop (a few percent in a lew minutes) of 
sonic mud impedance. Such change causes a rapid 
change of the delay-line echo amplitude. Monitoring 
of the rate of change of this amplnude provides a way 

10 to detect down-hole gas influx. 

Additional p ro c e s si n g can be performed to pra- 
dict the amount of gas of the gas influx. Thte additional 
processing requires data concerning the sensor per- 
formance under condtions of temper at ure and the 

19 current mud density. Additional processing can be 
performed * tha impedance of the delay-fine can be 
measured, so that the front-face echo arnpfltude can 
be converted Into mud Impedance. Such delay-tine 
impedance can be measured if the delay-fine is con- 

20 structod of two layers, so that an echo ftom the inter- 
face between these two layers can be detected. 
Assuming oonstantthickness of the outermost layer In 
contain of trie fluid, the so nic sp eed can 

for this layer. The density of the outermost layer may 
25 be assumed to be constant fwhlchis a goodspproxi- 
mation w*h hard plastic or hard rubber). Then, the Im- 
pedance of mis layer can be calculated. 

2) Assessing borehole echo amplitude: Sonic 
so attenuation of drlling fluid 

From severaJ detected borehole echoes, the mud 
attenuation can be calculated by the method Bus- 
trated in Figure 14. A line is tit between the logarithmic 

35 value of the borehole echo ampHude versus the cor- 
responding standoff. The slope of such line is equal 
to the sonic attenuation in the mud 

As long as al other parameters which control the 
arnpHtudeoftheborehotech^ 

40 os*y, impedance, eta, remain constant over the time 
of measurement of the borehote amplitudes, the slope 
of the line defined above and lustrated in Figure 14 
is independent of the values of auch parameters. 
Among the paia meters which affect borehole 

45 echo amplitude are the sensor perforrnance, the exci- 
tation voltage, the attenuation in the delay-tine and 
matching layer, the sonic coupling between the sen- 
sor and the mud. and the reflectivity of the formation. 
AH such param ete r s influence the Y-intercept of the 

50 fitted line. A correlatk»i coefficient of the data may be 
calculated to validate the fitting of the line Land to pro- 
vide for the rejection of ail erroneow 
mud attenuation. 

A method for gas detection is iiustrated in Figure 

55 15, wr^ mud attemiatiOT is plotted 

time. Such method may be performed by tool com- 
puter 160, or it may be performed by surface instru- 
mentation computers in surface instrumentation 7 

17 
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after amplitude data and standoff data have been 
transmitted to the surface. When no gaa b in thedrt- 
ling fluid, sonic mud attenuation is typically in the 
range of 1 to 5 db/cm. With a small gas influx, of the 
range of J2% void fraction of the mud, the sonic mud 5 
attenuation jumps dr a ma tic ally Id 8 to 15dh/c m or 
men at the basic sensor frequency. Accordingly, 
such gas influx at time Twrwx. detected by the mud 
attenuation plot of Figure 15. Even without a refer- 
ence me a sur e m e nt, gas vrflux may be determined by to 
the change* A mud attenuation reference measure* 
mant (measured as doeo a possible to down-hole 
cond H ion s) improve s the resolution of influx detection. 

The increase in the mud impedance curve at time 
Tmrjux confirms the determination of gaa influx as is 
■ustrated by Figure 15l 

Transmission of signals to surface Instrumentation 
for farther processing 



cesstng said signals received from said sen- 
sor for giving indications of characteristics of 
downhote condUons.- 

2. The apparatus of daiml wherein said downhote 
condition is the diameter of said borehole or the 
presence of formation gas in borehole driling fluid 
in an anniius defined by said borehole and the 
outside of said tooL 

3. The apparatus of daim 1 or 2 farther charac- 
terized by a plurality of fins extending racfiaflyout- 
wardy from said body and wherein said 
uJtra-eonic sensor means includes first andseo- 
ond transceivers mounted respectively on 
diametrically opposed fins. 

4b Borehole measurement apparatus including 

a tool adap ted for connection in a <M 
string in said borehole through earth formations, 
said tod having a cylindrical body defining n 
armuhJB betwe en said borehole waU and said 
body, said arawius having drlfaig fluid wflh 
entrained cKHng cuttings disposed therein, said 
apparatus characterized by: 

first and second ultra sortie transmitter 
means dispos ed dtematricafly oppose d from 
each other ki aaid cyfndrical body for omitting first 
and second ultrasonic transmitter p ui sesinsaid 
driDing fluid toward said borehole wafl, said ultra- 
sonic pubes being reflected from said borehole 
wall as first and second borehole echoes and 
from said drflfing cuttings toward said cylindrical 
body as first and second cuttings echoes, 

first and second ultra-eonic transducer 
means disposed in said cylindrical body for 
generating first and second borehole echo sig- 
nals representative of said first and second 
borehole echo ampiXudes and time delays, and 
first and second cuttings echo signals represen- 
tative of said cuttings e ch o es , and 

logic means for idsntifying said first 
borehole echo signal and its time delay in the pre- 
sence of said first cuttings echo signal andj 
generating a first standoff signal proportional 
said tims delay of said first borehole echo sign* 
front aaid omitting of said firatuRra eonicbaiumiW 

* M arLfl JLm tdmrUttt lm mmSA J V. .... t. ■ I . 

wr puss ana ror nemysig ean secona oorenoie 
echo signal and la time delay In the presence of 
said second cuttings echo signal and for general* 
Ing a second standoff signal propor t ional to aaid 
time delay of said second borehole echo signal 
from said launching of said second uftre-eonfc 
transmitter pulse. 

5. The apparatus of claim 4 wherein said first and 
second transmitter means emit said first and sec- 
ond ultra-eonic transmitter pulses alternately in 



The param eter s ide n tified above, such as stan- 
dout sonic impedance and mud attenuation may be 
de te rmined as a fo notion of driling time and stored in 
electronic modiJo memory 180. These date of such 
rosmcwy 180 as wafl as others, may be transmitted to 25 
surface in st ru m en tati o n 7 via MWD tool 29 using the 
driling fluid as a communication path. Such MWDtool 
and methods are conventional in the art of MWD oonv 

When the mud attenuation and mud impedance so 
signals received by surface instrumentation 7 simul- 
taneously increase by a predetermined amount wfthin 
a predetermined driling time period, an alarm may be 
generated as signified by bell 7A of Figure 1. 

Various modifications and alterations in the dee- ss 
cribod methods end apparatus wil be apparent to 
those stifled in the art of the foregoing d e s cription 
which does not depart from the spirit of the invention. 
For this reason, these changes are desired to be 
Included ki the a pp e nd ed claims. The appended 40 
ctafena recite the only limitation to the present inven- 
tion. The deecrtptive manner which is employed for 
eeumg win me smooosnems sum mosrprscso am 
Bustrative but not Hmftativeu 



Claims 

1. Borehole meaaui ei nent apparatus being adapted 
for connection in a (HsMng in a borehole, said ao 
apparatus having a generally cylindrical body 
defining a longitudinal axis* aaid apparatus 

a) titra-eonic sensor meens including at least 

one uitrMonic pUs»^.c sensor mounted in « 
said apparatus for generating a signal; and 

b) electronic means for controlling the oper- 
ation of said pulse echo seneor and for prtv 
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time wih said logic moans identifying said first 
borehole echo signal after said first uttrworoc 
transm i tte r pulse is emitted and said logic means 
identifying said second borehole echo signal after 
said second ultra-conic fransmttter pulse is emt- 
tod. 

6. Hie appelates of claim 4 or 5 further charac- 
terized byi 

processing means for generating a first 
standoff signal p roportio na l to said tens delay of 
said first borehole echo signal and for generating 
a second standoff signal proportional to said time 
delay of said second borehole echo signal, and 

processing means for generating said first 

and second standoff signals a plurality of times 

each second for a predetermined time interval, 

and for generating from said piuralty of standoff 

signals an average firet standoff signal and an 

— , _ _ m 1 ,i,,„ ,j ,, *t — ■ * — — it . . 

average eecona sxanoorr signal tot sara ome 

Interval* 



logic means responsive to said echo sig- 
nals of said transceiver means for identifying the 
presence of a delay-line echo signal and storing 
an approximate maximum amplitude of such 
5 echo signal periodically as a function of time, and 
logic means responsive to said approxim- 
ate maximum amplitudes of said detayftie 
echoes stored as a function of time for monitoring 
a predetermined indicator of said amplitudes and 
generating a gas-influx alarm signal if said ampli- 
tude indfcator is greater than a predetermined 



10. The apparatus of claim 9 wherein 

said tod is connected in a drii string in said 
borehole, and said apparatus is further charac- 
terized by 

communication means disposed in said 
drill string for transmitting said gas-influx alarm 
signal to a surface means for generating an 
alarm. 
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7. The apparatus of daim 4, 5 or 6 further including 

memory means far storing a diameter sig- 
nal representative of a diameter of said cylindrical 25 
body of saM tod, and 

processing means for generating a hole 
diameter signal representative of a diameter of 
said borehole by adding said diameter signal to a 
said average first standoff signal and to said aver- so 
age second standoff signal* 

8. The apparatus of claims 4-7 wherein said first ul- 
tra-sonic transmi t ter means and said first uttra-ao- 

nic transducer mesne and said second 39 

■ J(«M *AftLl * mm . Til . ■ — — — „ — _ -1 - »-* — ■ 

unra-sonic uarksmnBsr means ana saio seoono 
ultrasonic transducer means are each a single 
transceiver in which one sensor element serves 
as a sonic transmitter and as a sonic receiver* 

40 

9* Borehole moasui ement apparatus including 

a tod adapted for placement within a 
borehde through earth formations, said tod hav- 
ing a cylindrical body defining an annutus be- 
tween said borehole wafl and said body, said 45 
annul us having drtllng fluid disposed therein, 
said apparatus characterized by: 

an ultra s on ic tra nsce iver means disposed 
in said cylindrical body having a sensor element 
for pe ri odtaa fl y emMng an lit r e s o n i c tranamitter so 
pulse in said drtllng fluid toward said borehde 
wall and for generating echo signals when said 
pulse Is reflected from a surface back to said 
transceiver means, 

a delay-line disposed between said sensor 65 
dement and said drifting fluid of said annul us, 
whereby a delay-line echo is produced at an Inter- 
face of said delay-line and said annutus fluid. 



11. The apparatus of any of the proceeding claims 
wherein said ultra-eonic sensor means is charao- 
tertzedby 

an Inner sound absorbing backing 

element 

e piezoelectric ceramic dUk 
stacked outwanfly adjacent said backing eie- 
ment, 

a delay-line of rigid material disposed out- 
warty of said ceramic disk, said detayttie hav- 
ing ail outwardly facing concave depression, and 

first and second electrical connectors, and 
inner and outer electrode means for connecting 
inner and outer sides of aasd disk to sadd first and 
second electrical connectors. 

12. A method for detecting gas influx at a location in 
a borehoto with the apparatus of any of the pro- 
ceeding claims, said m etho d c h a ra cte ri zed by the 
steps of 

placing said apparatus wihln said 
borehole, said cylindrical body of said apparatus 
defining an annutus between the wall of said 
borehde end said body, said annutos having a 
drilling fluid disposed therein, 

periodically emitting an ultra-eonic trans- 
mitter pulse from said ultra sonic sensor means 
into said (Ming fluid perpendicuiariy toward said 
borehole wall wfth said uHre-eonlc pulse being 
reflected from said borehole wal as a borehole 
echo; 

generating a borehd echo signal rej^ 
resentative of an approximate maximum ampli- 
tude A of said borehde echo and its time delay T 
from said emitting of said ultra-sonic pulse, 
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•taring a phralty N of borahol echosig- 
naJ sets A* T M and generating a cutting fluid sonic 
attenuation signal therefrom, and 

generating a yea influx alarm signal of said 
drflflng fluid sonic attanuation signal is above a 5 
pfedetsrnvned level* 
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FIG. 2 A 
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